INTRODUCTION
The epithelial surface of respiratory, gastrointestinal and reproductive tracts is coated with mucus, which is produced and secreted by specialized epithelial cells. Mucus secretions provide important protective and lubricative functions varying among the tissues. These functions can be largely attributed to its highmolecular-mass mucin glycoprotein components.
At present, at least 12 human mucin genes have been isolated, four of which, MUC2, MUC5AC, MUC5B, and MUC6, are clustered on chromosome 11p15.5 [1, 2] . MUC2, MUC5AC, MUC5B, and MUC6 are large gel-forming mucins which are produced and secreted by specialized epithelial cells (goblet cells and mucous gland cells). They share with all mucins common features, i.e. a central region consisting of tandemly repeated sequences rich in serine and threonine residues which support numerous O-linked oligosaccharides, flanked by non-repeat regions. Additionally, MUC2, MUC5AC, MUC5B and MUC6 show striking sequence similarities in their N-and C-terminal regions with the prepro-[von Willebrand factor (vWF)] [1, 3] . These regions are rich in cysteine residues, which are believed to allow intermolecular association and gel formation [3] . These mucins are widely accepted to be responsible for most of the physicochemical properties of mucus (e.g. high density and viscoelasticity), although the exact functions of specific mucins remain to be determined. More recently, additional functions have been proposed for these mucins in tissue-specific ontogenesis and epithelial repair following injury [4] [5] [6] [7] .
The human MUC5B gene has been recently fully sequenced [8] [9] [10] [11] [12] . MUC5B spans 40.1 kb, is organized into 49 exons, and encodes a transcript of 17.5 kb. It is mainly expressed in salivary, tracheobronchial and oesophageal glands, pancreatobiliary tract, and endocervix [13] [14] [15] [16] . MUC5B is also expressed with MUC5AC and MUC6 in embryonic and fetal stomach and duodenum long before epithelial cells have acquired their specialization [5, 6] . Qualitative and quantitative alterations in the expression of MUC5B have been reported in various pathological situations, including lung and gastric carcinomas [5, 17, 18] .
Little is known regarding the mouse homologues of human gel-forming mucins. Only partial sequences have been reported for only mouse Muc2 and Muc5ac [19] [20] [21] , but characterization of mouse genes is important as an intermediate step for the homologous inactivation of these genes in mice and investigation of their functions. Therefore, in the present paper, we describe the isolation and characterization of the mouse homologue of the human mucin gene MUC5B, a gene that we designate ' mMuc5b '. We describe its complete cDNA sequence, its genomic organization and sequence immediately upstream from the start codon. We also report its chromosomal localization. Moreover, we describe the expression of this gene at the tissue and cell level.
EXPERIMENTAL Isolation and characterization of the mouse Muc5b genomic clones
A BALB\c mouse kidney genomic library in cosmid vector pWE15 (ClonTech) ( 8i10& colony-forming units) was screened under standard conditions [8] using a mixture of two Signal peptide, cysteine-rich D, B, C and CK (cystine knot) pre-pro-vWF-like domains, MUC11p15-type domains, A3uD4 domain, cysteine-rich domains (Cys, ten cysteine residues/100-102 amino acid residues), and threonine/serine/proline-rich domains (TSP) are shown.
human cDNA probes corresponding to the highly conserved D3-domains of gel-forming mucins and generated by reversetranscription (RT)-PCR : a MUC5AC tracheal cDNA probe (GenBank2 accession number AJ298317, nts 3135-3692) [22] and a MUC2 colonic cDNA probe (GenBank2 accession number M94131, nts 1091-1651) [23] . Probes were prepared by random priming with [α-$#P]dCTP (Roche Molecular Biochemicals). Nine positive clones were isolated. Digestion with several restriction enzymes (Roche) and Southern-blot hybridization using oligonucleotide probes (MWG-BIOTECH AG, Ebersberg, Germany) specific for the human MUC2 (GenBank2 accession numbers M94131, M94132, and L21998) [23, 24] , MUC5B (GenBank2 accession numbers AJ004862 and Y09788) [8, 9] and MUC5AC genes (GenBank2 accession numbers M94131 and AJ001402) [22, 25] were performed to further characterize the isolated clones. These experiments revealed several positive clones with MUC5B probes, including clone ALI2, which was further characterized. The restriction mapping of ALI2 was conducted as previously described [8] . Restriction fragments from ALI2 were subcloned into the pBluescript KS(j) vector (Stratagene). Additional fragments were generated by PCR using 20 ng of cosmid DNA as template. PCR parameters were 94 mC for 4 min, followed by 30 cycles at 94 mC for 30-45 s, 58 mC for 30-45 s, and 72 mC for 2 min, followed by a final extension at 72 mC for 15 min. Amplified products were cloned directly into pCR2.1 vector (Invitrogen). Clones were sequenced using LI-COR automatic sequencer (ScienceTec, Les Ulis, France) or ABI automatic sequencer model 377XL (Applied Biosystems). Direct sequencing of the extremities of the cosmid clones was also performed using 1.5 µg of DNA as template. Sequences were analysed using PC\Gene software (IntelliGenetics, Inc, Mountain View, CA, U.S.A.), and MatInspector V2.2 software based on TRANSFAC 4.0 database [26] .
Cloning of the mouse Muc5b cDNA
Mouse Muc5b cDNA sequence was obtained by amplification of mouse laryngotracheal cDNA. Total RNA was extracted using a guanidinium isothiocyanate method as described previously [27] . Total RNA (1 µg) was reverse-transcribed using the Advantage TM RT-for-PCR kit (ClonTech) and oligo(dT) or random primers according to the manufacturer's instructions. PCR reactions were conducted as described above using 2 µl of first-strand cDNA as template. Oligonucleotide sequences were deduced from the genomic sequence. The extreme 5h-coding region and the 5h-untranslated region were obtained by 5h-RACE (rapid amplification of cDNA ends) using the 5h\3h RACE kit (Roche Molecular Biochemicals) according to the manufacturer's instructions using total laryngotracheal RNA (1 µg) as template and oligonucleotides NAU937 (nts 434-456) as first primer and NAU855 (nts 420-442) as nested primer for amplification. The 3h cDNA end was obtained by 3h-RACE using the same kit with oligonucleotides NAU912 (nts 14187-14207) as first primer and NAU854 (nts 14295-14315) as nested primer for amplification. The mouse Muc5b gene Amplified products were cloned and sequenced as described above. Sequences were analysed using PC\Gene, SignalP V1.1 [28] , NetOGlyc 2.0 [29] and Blast 2 Sequences [30] softwares.
Chromosomal mapping of the mouse Muc5b gene
Chromosomal mapping was performed by PCR using the T31 mouse\hamster RH panel [Research Genetics (ResGen TM , an Invitrogen Corporation, Huntsville, AL, U.S.A.)] with oligonucleotides NAU912 and NAU913 (nts 14485-14505). Oligonucleotides were tested first on genomic DNA from the two parental strains (129\aa mouse and A23 hamster). Fragments were produced in both cases. These fragments were cloned and sequenced. PCR amplification reactions were conducted in 20 µl reaction volumes containing 2 µl of 10ibuffer (100 mM Tris\ HCl, 15 mM MgCl # and 500 mM KCl, pH 8.3 at 20 mC), 3 µl of 10 mM dNTPs, 10 pmol of each primer, 1 unit of Taq DNA polymerase (Roche Molecular Biochemicals) and 25 ng of genomic DNA (each of the T31 cell lines, as well as parental strain DNAs as controls) as template. PCR parameters were 94 mC for 4 min, followed by 30 cycles at 94 mC for 45 s, 58 mC for 30 s, and 72 mC for 1 min, followed by a final extension at 72 mC for an additional 7 min. Amplified products (5 µl) were heatdenatured and transferred on to nylon membranes (Schleicher und Schu$ ll) by slot-blot and hybridized with an internal $#P-labelled mouse-specific oligonucleotide. Radiation hybrid data were submitted to The Jackson Laboratory Backcross DNA Panel Mapping Resource and Mouse Radiation Hybrid Database for analysis of map position.
Expression analysis
Expression was analysed first by RT-PCR. Total RNA was extracted from several mouse tissues (submandibular and parotid salivary glands, trachea and larynx, stomach, duodenum, liver and gall-bladder, small intestine, colon and thymus) as described previously [27] . RT-PCR experiments were conducted as described above using oligonucleotides NAU912 and NAU913 for the mouse Muc5b gene expression analysis. A 241-bp β-actin fragment (GenBank2 accession number M12481, nts 25-265) [31] was also amplified as control. PCR products were analysed on a 2 %-agarose gel in Tris\borate\EDTA buffer.
Expression analysis was also performed on various tissues (submandibular and parotid salivary glands, trachea, larynx, stomach, duodenum, liver and intestine) by in situ hybridization using a mouse-specific Muc5b $&S-labelled oligonucleotide probe. The 48-mer oligonucleotide probe (5Z-ATGCTGAGTGCTCA-CTGAGGTGACTGTGAGAGGAGTGGTGGGTGGGGA-3Z) (MWG-BIOTECH) was determined from the central region of the gene, where it is repeated four times. The procedure was as described in previous studies [4, 13] . Controls consisted in competition studies by treatment of tissue sections with a large excess of unlabelled oligonucleotide identical with, or distinct from, the $&S-labelled probe, verification of the absence of background by careful examination of non-epithelial structures (vessels, muscle and connective tissue) and inclusion of a positive control in each series.
RESULTS AND DISCUSSION

Isolation and characterization of the mouse Muc5b genomic clone ALI2
In our aim to isolate mouse homologues of human mucin genes encoding gel-forming mucins, we used a mixture of cDNA probes corresponding to the highly conserved D3-domains of human gel-forming mucins to screen a cosmid genomic library. Several clones were isolated, including clone ALI2. Southernblot analyses using various oligonucleotide probes specific for MUC2, MUC5B and MUC5AC revealed that digested DNA from ALI2 hybridized only with the MUC5B probes, hardly suggesting that the gene we isolated corresponded to the mouse homologue of MUC5B we designated mMuc5b. Moreover, Southern-blot hybridization and PCR experiments using oligonucleotides located in extreme regions of MUC5B showed that ALI2 was likely to encompass the entire mouse Muc5b gene. Restriction fragments derived from ALI2 and fragments generated by amplification using ALI2 as template were cloned and entirely sequenced.
Cloning and characterization of the mMuc5b cDNA sequence
The mMuc5b cDNA sequence was obtained from RT-PCR experiments using mouse total laryngotracheal RNA as template. Oligonucleotide sequences were deduced from ALI2 and chosen by comparison with the human and mouse MUC2 and MUC5AC cDNAs to avoid cross-hybridization and by comparison with the human MUC5B gene to avoid hybridization of the oligonucleotides to putative intron sites (in the hypothesis of a conserved genomic organization).
To determine the transcription start site, 5h-RACE assays were performed on mouse laryngotracheal RNA using primers selected at about 400 bp downstream from the presumed start codon based on comparison with the human MUC5B gene [11] . Experiments generated two products of 442 bp and 370 bp. The sequence analysis showed identical 5h ends for the two products and a deletion of 72 bp in the central part of the smallest product as compared with the largest one.
The overall cDNA sequence is 14932 bp (for the longest one), with an open reading frame of 14346 bp. At j48 is an ATG codon embedded in a Kozak consensus sequence (CCAGG-ATGG) [32] . A polyadenylation signal (AATAAA) is present 497 bp downstream of the stop codon with a poly(A) tail starting 13 bp further. The nucleotide sequence is available from GenBank2\EMBL\DDBJ\GSDB Nucleotide Sequence Databases under the accession number AJ311906.
Organization of the mMuc5b gene
The exon-intron boundaries were identified by comparison with the cDNA sequence. mMuc5b is organized into 49 exons (numbered 0-48) interrupted by 48 introns (numbered 0-47) ( Figure  1A ). Exon and intron sizes, locations of introns, splice junction types and sequences of the exon-intron boundaries are given in Table 1 . Exons range in size from 32 to 7965 bp and introns range in size from 77 to 2142 bp. Only three introns are greater than 1 kb (introns 0, 6 and 24). Thus the mMuc5b gene is particularly compact, extending over less than 36 kb in the genome (35.7 kb with the 5h-upstream region ; see below). All the exon-intron junctional sequences conform to the GT-AG consensus described for splice sites [33] , except for introns 8 and 23, for which 5h splice donor site is GC.
Comparison of the mouse gene with its human counterpart revealed that the two genes share an identical gene organization, in which all introns are found in the equivalent positions within the coding sequences. Of the 49 exons, 36 have exactly the same size, while the remaining have very similar sizes, with the exception of the large central exon (exon 30) (7965 bp in mouse to 10 713 bp in human). The sizes of the introns are also quite 
kb in human)
. There is no significant sequence similarity among any of the introns of the two genes. More particularly, some characteristics that have been described in introns of the human MUC5B gene, such as tandemly repeated GA-rich sequences in intron 0 and tandemly repeated GC-rich sequences in intron 36 (intron G) binding the transcription factors Sp1 and NF1-MUC5B respectively [11, 34] , were not found in mMuc5b. Therefore, if these regions are functional, it would lead to different regulation pathways of apo-mucin production.
Characterization of an alternative splice event
Comparison of the nucleotide sequences of the mMuc5b gene and the two products generated by 5h-RACE revealed that the shorter one was deleted from the second exon (exon 1). Thus alternative splicing generates at least two forms of the mMuc5b mRNA that differ in the presence or absence of exon 1 in the 5h-region without disrupting the reading frame ( Figure 1A ). The existence of the two splice variants in the mouse laryngotracheal mucosa was confirmed by RT-PCR using two different oligonucleotides (NAU855 in exon 3 and NAU845 (nts 694-714) in exon 5) as antisense primers (Figure 2) . Additionally, the results showed a large predominance of the full-length form in this tissue. The existence of alternative splicing has been extensively described for human mucin genes MUC1, MUC3 and MUC4, which encode membrane-associated mucins [35] [36] [37] [38] . By contrast, no alternative splicing has been demonstrated previously for genes encoding secreted gel-forming mucins, except for the frog integumentary mucin FIM-B1 gene, in which alternative splicing is responsible for the existence of a variable number of tandem
Figure 2 RT-PCR products from the mouse laryngotracheal tissue
Total RNA was extracted from laryngotracheal tissue and RT-PCR was performed for mMuc5b using oligonucleotide in the first exon as sense primer with oligonucleotide in exon 3 or exon 5 as antisense primer. Products were electrophoresed on 1.5 %-agarose gel and visualized by ethidium bromide staining. RT-PCR products corresponding to exons 0-3 (lane 1) and 0-5 (lane 2) are shown. Two bands appear, the largest one being predominant. The DNA size marker (100 bp ladder) is shown at the left.
repeats [39] . It has to be mentioned that the splice event we observed for mMuc5b in mouse laryngotracheal tissue was not found for its human counterpart in trachea and gall-bladder (results not shown). Although no additional splice event was identified in mouse laryngotracheal tissue during RT-PCR experiments for cloning of the mMuc5b cDNA, we cannot ensure that no other splice variants exist.
Figure 3 Amino acid sequence alignment of cysteine-rich domains in the central region of mMuc5b
Cysteine-rich domains (Cys-domain 1-Cys-domain 10) were aligned to maximize sequence similarity. Gaps are indicated by dashes. Conserved residues are shown as black letters on a mid-grey background and enclosed in boxes. Note conservation of the ten cysteine residues (shown as white letters on a dark-grey background).
Analysis of the mMuc5b deduced amino acid sequence
The open reading frame encodes a 4782-amino-acid peptide. The deduced peptide is composed of a putative secretory protein signal sequence (25 amino acids), cysteine-rich domains similar to the D1, D2, Dh and D3 domains of pre-pro-vWF [40] in which most of the cysteine residues are conserved, a central region (encoded entirely by the large central exon) and cysteinerich domains similar to the D4, B, C and CK (cystine knot) domains of pre-pro-vWF ( Figure 1B) . It contains 46 potential sites for N-glycosylation (15 in the N-terminal region, 11 in the central region, and 20 in the C-terminal region). The presence of D and CK domains in mMuc5b indicate that it is likely to form disulphide-linked dimers and multimers, as demonstrated for pig gastric mucin, and strongly suggested for all mucins containing such cysteine-rich pre-pro-vWF-like domains [3, 41] . The central region is flanked by short domains similar to the MUC11p15-type domains that have been shown to be conserved between human mucins MUC2, MUC5AC and MUC5B [9, 10] . This central region contains ten cysteine-rich domains (Cysdomain 1-Cys-domain 10) of 100-102 amino acid residues which contain ten cysteine residues and are highly similar (Figure 3 ). Cys-domains 2, 3, 4, 5 and 7 are identical or almost identical, whereas Cys-domains 1, 6, 9 and 10 are less conserved. These cysteine-rich domains are spaced by mucin-type domains (TSP1-TSP10) ranging in size from 52 to 213 amino acid residues and rich in threonine (17-33 %), serine (20-27 %) and proline (8-13 %), and, to a lesser extent, in glycine, alanine, leucine and valine, with no cysteine residue (except two cysteine residues in TSP10). The abundance of threonine and serine residues provides many potential sites for O-glycosylation (610 per 1632 amino acids). Most of these domains revealed partial or full sequence similarity (Figure 4) . TSP2, 3, 4 and 7 are almost identical, whereas TSP1, 5, 6 and 8 show only partial sequence similarity with the TSP domains cited previously, and TSP9 and 10 show no sequence similarity. Of additional note regarding these domains is the presence at the same position in TSP2, 3, 4, 7 and 8 of a potential site for N-glycosylation. Thus the central region of mMuc5b can be subdivided into ten imperfect repeats, each composed of a cysteine-rich domain followed by a threonine\serine\proline-rich mucin-type domain.
Comparison of mouse and human mucin amino acid sequences revealed high sequence similarity (43 % identity), especially in the N-terminal (64 %) and C-terminal (62 %) regions. By contrast, low sequence similarity was found in the central regions, with the exception of sequences corresponding to the cysteinerich domains, which are well conserved. Nevertheless, a short sequence (SLPPSSPHT) present in the central region of MUC5B within the so-called ' RIII-end domain ' [8] was found in TSP2, 3 and 7 (shown as black letters on a dark-grey background in Figure 4 ). Sequence similarities were also found between TSP10 and the R03 domain in MUC5B [8] . Surprisingly, whereas mucin-type domains in MUC5B are composed of tandem repeats of 29 amino acid residues, no tandemly repeated sequences were found in mMuc5b within these domains.
Sequence analysis of DNA upstream of the transcription start site
Analysis of the 1.7 kb sequence immediately upstream of the transcription start site revealed the presence of a TATA box (TACATAA) at k29\k23 and several potential cis-regulatory elements, including putative binding sites for ubiquitous transcription factors (Sp1, CACCC) and specific transcription factors such as N-Myc, thyroid transcription factor-1, hepatocyte nuclear factor-3β, TGT3, GATA3, and gut enriched Kru$ ppel factor ( Figure 5 ). The sequence is available from the GenBank2, EMBL, DDBJ and GSDB Nucleotide Sequence Databases under the accession number AJ311907. It shows important sequence similarities with the corresponding region in the human MUC5B gene [11] . A number of putative transcription-factor-binding sites proximal to the transcription initiation sequence in the mouse gene are also present in the human gene, suggesting that the two species might be subjected to a similar type of regulation.
Chromosomal localization of mMuc5b
Chromosomal mapping was performed by PCR using the T31 RH panel with oligonucleotides NAU912 and NAU913. The gene was mapped on distal chromosome 7, to 69.0 cM (centimorgans) from the centromere, between markers D7Mit46 proximal and D7Mit14 distal (LOD 12.1) . This is within a region of conserved linkage with human chromosome 11, band p15.5, where MUC5B is clustered with MUC2, MUC5AC and MUC6 The mouse Muc5b gene
Figure 4 Amino acid sequence alignment of threonine/serine/proline-rich domains in the central region of mMuc5b
Threonine/serine/proline-rich domains TSP1-TSP10 were aligned to maximize sequence similarity. Gaps are indicated by dashes. Conserved sequences are shown as black letters on a mid-grey background and enclosed in boxes. N-glycosylation sites are shown as bold underlined letters. Note conservation of a potential N-glycosylation site in TSP2, TSP3, TSP4, TSP7 and TSP8. The short sequence conserved between mouse and human is shown as black letters on a dark-grey backgound. [42] . Interestingly, this region has already been shown to contain the mouse Muc5ac gene [21] , suggesting that the cluster may have been conserved (at least partially) through evolution.
Tissue distribution of mMuc5b mRNAs
We investigated the distribution of mMuc5b mRNAs in various mouse tissues by RT-PCR analysis and in situ hybridization.
Although human mucin genes MUC2, MUC5AC, MUC5B and MUC6 show important sequence similarities in their 5h and 3h regions, the central regions and the untranslated regions differ significantly [1, 3, 9, 10, 25] . Thus RT-PCR experiments were performed using sense primer (NAU912) in the penultimate exon with antisense primer (NAU913) in the 3h-untranslated region to avoid cross-hybridization with mucin genes encoding gel-forming mucins in mice. In situ hybridization was performed using a Figure 5 Nucleotide sequence of the 5h-flanking region of mMuc5b
The nucleotides are numbered from the transcription initiation site designated j1. Potential cis-regulatory elements are shown as black letters on a mid-grey background and designated by the appropriate symbols. The TATA-box (TACATAA) is shown in bold and is underlined twice. The translation codon is in italic type, and the Kozak sequence is underlined. Abbreviations : TTF-1, thyroid transcription factor-1 ; HNF-3β, hepatocyte nuclear factor-3β ; GKLF, gut enriched Kru$ ppel factor.
Figure 6 RT-PCR analysis of mMuc5b mRNA expression in mouse tissues
Total RNA was extracted from various tissues and RT-PCR was performed for mMuc5b and β-actin. Products were electrophoresed on a 1.5 %-agarose gel and visualized by ethidium bromide staining. RT-PCR analysis showed that mMuc5b mRNAs are expressed predominantly in laryngotracheal tissue ( Figure 6 ). mMuc5b mRNAs were observed only in mucous laryngeal glands by in situ hybridization (Figure 7) . No signal was observed in surface epithelial cells of trachea and larynx. In human, MUC5B is expressed in mucous salivary, tracheal and oesophageal glands [13, 16] . Thus it is likely that, in human, MUC5B is also expressed in larynx, although it has not been explored in this tissue. The absence of mMuc5b in trachea was not unexpected, since mucinproducing cells in surface epithelium are rare and submucosal glands are lacking in mice. However, since MUC5B expression has been observed in some goblet cells in human trachea and bronchi [18] , it would be of interest to analyse mMuc5b expression in mice exposed to irritants such as SO # that are known to induce goblet-cell metaplasia. The mouse Muc5b gene Moreover, we showed by RT-PCR analysis that mMuc5b mRNAs were also expressed in stomach and, to a lesser extent, in duodenum ( Figure 6 ). However, no signal was observed in stomach and duodenum by in situ hybridization, in spite of several attempts, thereby indicating that the signal was probably too low to be detected by this method. Interestingly, we have reported recently that, in human, while MUC5B is not expressed in normal adult stomach and duodenum, it is expressed temporarily in these tissues during embryonic and fetal development [5, 6] . Moreover, we have shown that MUC5B is re-expressed in some gastric carcinomas [5] . A recent study of the functional activity of the promoter of MUC5B in gastric cancer cell lines has demonstrated that MUC5B expression in gastric cancer cells is governed by a highly active distal promoter that is up-regulated by protein kinase C and that repression is under the influence of methylation [12] . Repetition of such a study in mouse should bring additional information in understanding of molecular mechanisms that govern MUC5B expression in gastric cancer.
It has to be noted that MUC5B is widely expressed in salivary glands in human [13, 43] . MUC5B has been reported to be a major salivary mucin, which provides, with the small secreted mucin MUC7, important local protection of the oral cavity [44] . MUC5B is also a major mucin in hepatobiliary tract [15, 45] . Surprisingly, we did not detect mMuc5b expression in mouse salivary glands, nor in the hepatobiliary tract, by RT-PCR ( Figure 6 ) and in situ hybridization, suggesting different functions for MUC5B in these two species. Such differences will have to be taken in account in investigation of the functions of human MUC5B using murine models.
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